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Abstract

With increasing energy demand, the use of renewable energy resources is increasing.
Renewable energy sources require power electronic converters to get integrated into power
grids. Multi-terminal high voltage direct current (MT-HVDC) systems ate a promising
solution for their grid integration. Using droop-based controller strategies in power con-
verter stations of MT-HVDC grid, in addition, to providing power-sharing, can support
the frequency of the connected AC grids. However, power changes lead to direct voltage
deviations, thereby disrupting the stability of the MT-HVDC system. Here, a new con-
trol structure for the droop controller of the voltage source converter (VSC) controller is
proposed which is named modified droop controller (M-Droop). This method, in addi-
tion to power-sharing, uses an appropriate control action to provide the required voltage
stability. Here, analytical studies of the modified control strategy are reported. Moreover,
through a developed MATLAB Simulink platform, its performance is verified in the events

1 | INTRODUCTION

One of the most important challenges on the road of multi-
terminal HVDC grid development is protecting the system
against DC faults. The capacitive behaviour of HVDC cables
and their relatively low impedances leads to a significant increase
in fault currents. DC circuit breakers (DCCBs) are one of the
most effective tools for fast fault isolation [1]. Despite develop-
ments in DCCB technology, still they need to large DC reactors
to reduce the rate of rising fault currents [2]. Capacitor and DC
reactor connected to HVDC grid and inductance and capac-
itance of HVDC transmission lines make a kind of L.C filter,
which seriously affects the dynamic response of DC link volt-
age and its instantaneous power in MT-HVDC grid, especially
in the long lines [3]. The main contest in control of MT-HVDC
grids is direct voltage regulation with low capacitance [3]. The
available control methods for solving this challenge include two
options. The first option is based on the central controller and
the second option is known as the decentralized method. In
the first option, the entire system is monitored through an
external communications link and the controller delivers the

of transients, consisting of fault, variable load, and change in power generation.

optimal power flow for the system’s resources and load.
The advantage of this method is that it is optimal, and its
major disadvantage is its dependence on external commu-
nications [4]. In addition, the implementation of the pro-
posed method in the MT-HVDC grid reduces transient volt-
age oscillations. However, the control strategy of the sec-
ond option includes methods such as droop [5], master-
slave [60], and DC bus signalling method [7]. In [8], droop
control methods ate proposed based on the decentralized
methods, but most of them cannot deliberate the influ-
ence of the resistance of cable and errors of sensor gain.
Moreover, there is a trade-off between voltage regulation and
current sharing in these methods. Adaptive or nonlinear droop
is proposed in [8, 9], in which the trade-off between load shar-
ing and voltage regulation is minimal, but these methods also
perform pootly when the power converter current is negative
or the power is reversed. Alongside with this methods, there
are strategies include the combination of both centralized and
decentralized methods as different control layers, which in addi-
tion to the advantages, include disadvantages of two methods
[10].
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In DC grids, the DC voltage has a similar role as the power
balance sign that the frequency has in AC grids [11]. That is,
the DC voltage dynamics are determined by the energy stored
as electrostatic potential energy in the capacitors in the grid
[12]. However, conventional droops cannot increase the capaci-
tance. Therefore, 2 new control method for MMC, called virtual
capacitor control, is proposed in [13], which makes it possible
to reduce the DC grid oscillation by simulating the dynamic
response of a physical capacitor. To perform automatic syn-
chronization using the DC-link capacitor dynamics, the authors
in [14] employed a virtual synchronous control, which mimics
the synchronization feature of a synchronous generator. The
most important advantage of this method is that it is operated
without a phase-locked loop (PLL), and therefore avoids insta-
bility caused by the PLL when connecting the VSC to a weak
grid.

The Inertia Emulation Control INEC) algorithm proposes a
method for the inertia emulation that uses the energy stored in
the DC-link capacitor to mimic the inertial response of an SG,
but this may need the large capacitors to be added to the system.
The addition of these capacitors increases costs and will affect
the dynamics of the controllers. Combined strategy is another
method for emulated inertia, which utilizes both DC-link capac-
itor and wind turbine kinetic energy, this method is used only
in a point-to-point HVDC system and requires some modifi-
cations to operate on a DC network [15]. Though for appro-
priate voltage regulation and power-sharing, a proper strategy
is needed to enable the converter to increase DC capacitance.
This paper proposes a modified droop controller (M-Droop)
that provides capacitance using the energy stored in the grid
where the fault occurred. The M-Droop can provide the capaci-
tance requirement of the HVDC grid without depending on fre-
quency measurement and PLL. The contributions of this study
are:

* This paper proposes a successful method for simultaneous
power-sharing and oscillations of DC voltage damping

* The proposed method does not require increasing the value
of DC-link capacitors

* As the conventional DC-PSS can only neutralize a small part
of the voltage fluctuations, while, given the presence of the
droop controller on the system, it has no proper effect on the
volatility of the power. This study shows that the M-droop
controller also provides a part of the capacitance required by
the system in addition to damping of the direct voltage oscil-
lations.

The rest of this paper is organized as follows: Conven-
tional droop controller performance is expressed in Sec-
tion 2. Section 3 is built based on the proposed control strat-
egy. The understudy network and its modelling are discussed
in Section 4. The optimization approach is investigated in
Section 5. Dynamic performance analysis is analysed in Sec-
tion 6. Simulations verify and confirm the analytical analy-
sis described in Section 7. Finally, conclusions are given in
Section 8.
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FIGURE 1 Generalized characteristics of the proposed droop controller
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FIGURE 2  Control structure of the proposed controller for a VSC station

2 | PERFORMANCE OF A
CONVENTIONAL DROOP CONTROLLER

Figure 1 demonstrates the general characteristics of the droop
controller.

Usually, ¥ as the active power reference is manipulated by
the voltage droop controller (I'=P), so, the active power control
scheme acts as part of the plant of droop control model.

The coefficient of the droop characteristics can be calculated
according to the power flow results [4, 16] or grid condition and
stability [17].

3 | PROPOSED CONTROL STRATEGY
The main contest in control of MT-HVDC grids is direct volt-
age regulation with low capacitance [3].

This paper suggests a method to provide the transient damp-
ing for direct voltages of the HVDC grid during the transient
conditions. In this structure, the M-droop controller supple-
mentary signal is being used instead of the conventional '-P
droop controller to increase the stability of the HVDC grid.
Figure 2 shows a general structure of a proposed controller
for a VSC station. The configuration of the proposed M-droop
controller is revealed in Figure 3. Since the measuted local
voltage is known as the power balance indicator in the HVDC
grid, in this structure, the locally measured voltage is used as the
input signal. This M-droop provides an auxiliary capacitance. In
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FIGURE 4 Cigre DCS3 test MT-HVDC grid

addition, to filter noises in the measured output power of the
=P droop controller, a low pass filter is usually added to the
structure.

3.1 | Virtual capacitor control

Inertia in an AC system is defined as the system’s ability to pre-
vent sudden events of frequency. In general, /7 is defined as the
ratio of stored kinetic energy (£;) and the rated power (S,), as
presented in (1):

Ho==t (1)

Inertia constant can be defined as (2) [18]:

W

Hff[ = SM(

)

where W}, is stored energy in capacitors and Sy is the rated
power of VSC. Compared to synchronous generators with the
same capacity, the 77, is small. However, this value can be
increased by increasing the capacitance of the DC link capacitor,
but this increases the cost and short circuit level and reduces the
dynamic charactetistics of the DC bus [19].

The dynamic response of a DC capacitor is defined as (3):

CpcVpe 7

=h—1=APc )

where P, is the output power and P, is the input power. Due to
the high speed and flexibility of the VSC controller, the addi-
tional power AP 5, considering the range of direct voltage
change, can be obtained through the active power control.

AP o = Cw'r T/bC dT/;/v
e S‘VJC dr

)
With the participation of additional power, the DC link
capacitor dynamics change as follows.

dVpc d
Cpe VDCT + G Ve

7

% =L — By O

According to (5), the additional power AP 5~ obtained
through power control can produce a virtual capacitor. This
capacitor provides more inertia to support direct voltage.

In this study, additional power is obtained through the
remaining power of the system after the power-sharing or fault.

The operation of the grid controllers is such that after power-
sharing or at the time of the fault, the grid may be in a situation
where the power reference of the converters is not at maximum
powetr.

In this case, part of the grid power can be stored as additional
powet.

3.2 | M-Droop controller

A design characteristic of the modified droop controller is
shown in (6), and (7) indicates the value of the droop coefficient
of this new controller.

By = DBypr =k (Voo = Vicr) + Ve ©)
dVpe
’éw = 'éZ o (7)

dt

As shown in (0), if the direct voltage remains constant, the
proposed droop controller converts to the conventional droop
controller, where P, is the nominal value of power.

Ly =Dy =k (Ve — Vic) ®)
Comparing (6) with (8),
By =57+ k:Vpe O
Regardless of the power losses, it can be said that the output
power P, is equal to the injected power P;.

By considering the droop controller in the system, power
changes can be written as (10), where, P, is the power of the
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converter without droop controller effect.
B= Dy =P=ky (B = Biy) (10)
Substituting (9) into (10) yields:
B= P =k (B = Pypy) = kirkn Ve 11

According to (3), (12) can be written as follows:

CpcVpe e P—k, (- Pu/,ref) —kyp &, Vpe — 1,
b,
(12
L,—F5,=Cpc VDCT — k& Vpe 7 13)

Therefore, the above equations show that using power
changes, the droop controller can be designed in a way that
to be able to emulate the behaviour of the virtual capacitor.
Therefore, the proposed method does not requite increasing
the value of DC-link capacitors. In addition, according to (13),
it can be said that the capacity of the virtual capacitor is equal
to (14):

C;/'f7“ = ’éu/kZ (14)

3.3 | Effects of delays

There are always delays in MT-HVDC grids [20]. Usually, in the
structure of a droop control, a low pass filter is added to filter
noises in the measured output power. Assuming this delay is
first-order lags with a time constant 73 and a gain 1/&p has to
be replaced by 1/(1 + 7d's) in the small-signal models.

4 | UNDERSTUDY NETWORK AND ITS
MODELING

In order to investigate the proposed control strategy, the grid
that is shown in Figure 4 is selected. In this grid 5-terminal bipo-
lar MT-HVDC grid are connected to four AC areas connected.

The test grid is formed by two onshore AC systems, two off-
shore AC systems, and five VSC-HVDC converters. It is worth
noting that the typical test grid (Cigre DCS3) has been selected
only as a selective test case, and the proposed scheme can be
easily selected in other VSC-based HVDC grids.

The main goal in the current paper is to improve the sta-
bility of the DC voltage and reduce variations of power in the
states of transients, and this standard grid is selected to approve
the performance and appropriateness of the proposed control
method.

In this paper, transmission lines are modelled by the
frequency-dependent 77 (FD-7) section modelling [21] that

consists of multiple cascaded 7 sections which are represented
by series RL circuits, and shunt capacitors C'[4].

Eigen value-based analysis of small signal dynamics in HVDC
transmission systems requires cable models that are compati-
ble with the display of state space. While distributed param-
etert models that calculate frequency-dependent effects are
inherently inconsistent with the display of state space, a typ-
ical 7 model can only accurately show cable behaviour at a
frequency.

Instead, a FD-7r model, consisting of a lumped circuit
representation with multiple parallel RL-branches in each 7-
section can be utilized to reproduce the frequency depen-
dency of the cable characteristics in a specified frequency
range.

So, the number of sections and parallel branches are consid-
ered as follows: # = 10, » = 5. Moreover, the rated power of
each converter is 1000 MW and the rated voltage is +£320 kV. It
is also assumed that the topology of the understudy system is a
symmetrical monopole topology.

According to the results obtained in [22], Ba-B1 has been
selected as the appropriate location for M-droop placement.

5 | OPTIMIZATION APPROACH

The parameters of the M-droop controller must be adjusted to
dectease the objective function (15).

n

Error =) (My;) (15)

b=1

where My is the maximum peak of direct voltage oscillations
from reference value for n DC bus in fault time is visible in (15).
It should be noted that in this paper 7 = 5.

This equation confirm that, without any fault or malfunc-
tion in the system, the Error function will be zero. In this
paper, the particle swarm optimization (PSO) algorithm and
genetic algorithm (GA) are employed to determine the param-
eters of M-droop based on (15). The optimum parameters
are obtained with 110 repetitions following four scenarios
include:

m Case 1: Three-phase to ground in Ba-A0 with a duration of
15 ms.

m Case 2: Three-phase to ground in Ba-BO with a duration of
15 ms.

m Case 3: Three-phase to ground in Ba-A0 with a duration of
10 ms.

Optimization tresults for the M-droop controller obtained by
PSO and GA are shown in Table 1.

The procedure of optimization of parameters in this paper is
expressed in the following levels.

Level 1. The population is set.
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TABLE 1  Optimization results for M-droop controller obtained by PSO
algorithms
Optimal Optimal

Parameter valuePSO valueGA
Case 1 £y 1.9 1.83

/) 4.3 4.51

£, 31.5 30.9

&, 0.019 0.0188
Case 2 /31 1.85 1.9

/) 4.2 4.16

£, 30.1 30.2

&, 0.024 0.026
Case 3 £y 1.81 1.85

ks 4.4 4.31

£, 30.8 31.05

&, 0.027 0.023

Level 2. At first, a particle is selected and the value of each
parameter is calculated based on this particle. Then, the
minimum and maximum limits for each parameter are
checked, and finally, the £,,,, ctitetion is calculated at
this level.

Level 3. At this level, the position (parameter) of each parti-
cle compares with its previous value, and the better par-
ticle is selected.

Level 4. The degree of adaptive aggregation and the evo-
lution rate is calculated and the speed and position data
for each particle is updated.

Level 5. In this level, if the repetition of irritation or the
desired fitness corresponds to the stop criterion, the cri-
terion stops according to the maximum number of rep-
etitions of irritation or the desired fitness. Otherwise, it
goes to the previous level.

Level 6. Otherwise, the designed parameters are verified as
results.

In PSO algorithm, any particle has the situation and the speed
that determined by X and 1. Then, the next position and veloc-
ity of each particle during the optimization process is calculated
according to the current velocity and position and the desired
individual position according to (16) and (17).

T/;z'ter+1 = WI/;'[[” +o.n '(Plim‘i - )(;z'fer> + [2'72‘(Gbe.rt - )(7[”)
(16)
X_z'ter+l — X_z'/er + Vz'ter+1 (1 7)

where, the /ith particle in the swarm is indicated by . 7, shows
iteration. Ps reveals the best position of the ##h particle. Gy,
indicates the best general situation among the swarm. » repre-
sents the weight of inertia and r; and 7, are selected as random
numbers between one and zero.

Initialize population

v

set g=0, ®=0.9, ¢,=0.2, ¢,=0.2

v

evolutionary states
estimation (c1, ¢2)

| Select first particle of population |

Select a

0 new [«
particle

Check the limitation of each
parameters
Remove
i i ? . . T
Constraints violated? this particle

| Run simulation file |

v

Calculate objective function (1 5)|

All particle evaluated?

Select the best particle with minimum
objective function

Update the | |

PSO converge? .
population

FIGURE 5 Adaptive parameters control process

In this algorithm, the updated linear inertia weight is directly
related to the linear decrease in inertial weight (LDW) with
increasing repetition time. However, the relationships between
inertia weight and repetition time are not always the same for
different optimization problems.

Figure 5 shows the flowchart of the PSO algorithm for
parameters of the controller.

The parameters calculated by both algorithms are almost
identical, however, the PSO algorithm reaches the final answer
in less time.

6 | DYNAMIC PERFORMANCE
ANALYSIS

In this part of the paper, the effect of the proposed method on
system stability will be evaluated. Generally, the linearized model
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of the system in the state space form can be expressed as (18)
[23].

Ak = AAx + BAu (18)

where Az and B denote the input vector and input matrix
respectively, Ax and A denote the state vector and the state
space mattix respectively.

It is necessary to mention, here, the average model of VSC
is used to model the power converters and the 7-section
model is used to model the transmission lines. The number
of sections of each transmission line in the 7r-section model is
assumed to be five to achieve the appropriate accuracy. It is also
assumed that the proposed controller is located on the Cb-B2
bus.

Figure 6 displays the construction of a DC network with
n converters and  lines. A schematic of a plant model
of the direct voltage control in the MT-HVDC grid for
stability investigation in the MT-HVDC grid is shown in
Figure 7.

This model can be used for studies on a multi-input-multi-
output control network (MIMO), and to study the closed-
loop system following grid conditions. As shown in Figure 7,
the input of the controllers of all converters is power. How-
ever, for converters equipped with a droop control system,
power references in DC voltage control mode are used as
the manipulated input. Power changes for converters that
are in active power control mode act as a disturbance in
DC voltage control. Also, the “reference” of power for each
wind farm is the mechanical power taken by the turbine
system.

Figure 8 illustrates the average modelling of a VSC sta-
tion. As shown in Figure 8, the VSC station is modelled as a

controlled voltage source on the AC side and controlled current
source on the DC side behind a capacitor based on the power
balance principle commonly used for modular multilevel con-
verters (MMCs) [24].

The VSC station is operated in a dg synchronous refer-
ence frame. Since in the stiff AC power system, reactive
power control and ¢ axis current have an insufficient effect
on the active power, meanwhile the g-axis of the voltage
of PCC is generally kept on zero by the phase-locked loop
(PLL) [25].

Thus, the analytical model for direct voltage stability study
focuses on d-axis related controllers, because the purpose of the
analysis is not to deal with weak systems.

The dynamics of the system linked to the d-axis current is
shown as follow:

dhi._, , 1 1 R

Y — @A+ ZAW - ZA”x—d - ZAZf—d (19)
dAiy . 1 1 R .
7 = CUAZq + ZAZ)Ed bl zAl/d - ZAZ[{ (20)

where A is employed for the linearized operating point,
(B, + jwl) is the grid impedance, (R + jwl) is equivalent to
the impedance of the transformer and the impedance of the
reactor arm, also, @ is the velocity angular. The system dynam-
ics of the d-axis filter bus voltage is expressed as (21). In this
papet, the g-axis PCC voltage is propetly controlled by the
PLL, since, the assumption is that the VSC station is connected
to a strong system. Consequently, the small-signal method of
the inverting power of the VSC can be expressed by way
of (22):

dA”d 1. 1 ..
7 = C()Aﬂq + ;Alﬂr - ;Alﬂj (21)

P = V;l Z'd + T/;]Zq - AP~ ”daAZ.ﬂ’ + Z'doA”d (22)

The value of equivalent converter capacitor C is adopted
to the total energy stored in the MMC sub-modules. L, as
equivalent arm inductance is modeled in the DC side given by
L,,= (2/3)L for the average model of MMC. It is assumed

that the power on the AC side is equal to the power on the DC
side in the PCC, the linear dynamic of DC-link capacitance can
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be expressed as:

g By B ypy By (23)
= — — u,
The subscript “o” shows the operating point. The DC voltage

u,, that across Cq
To simplify the sophisticated model, a very small C, capacitance

and 7, is the voltage to be controlled voltage.

has been modeled to enable #,, to become a state variable.

dAi,  Awy, Dy R, A
a1, L, 1, %
A%{][ Ai/d - Al.d'[
S 24
dt C, @4

The dynamic behaviour of the PI controllers related to the
7y and active power control is defined in (25), while the state
variables of the integrators are the xp and x;q.

dAXp

= —k, (AP — AP*
NN 25
=k (8 - A @3)

The reference of / can be indicated in (20), based on the
Equation (10) and the structure of the active power controller.

A" = =k |04y + igAv)) — AP*] + Ax, (26)

The VSC modulation control is shown by a first-order trans-
fer function with T as a time constant. To facilitate mathematical
modeling, (27) is used, which causes the AC voltage ¢4 to be
converted into a state vatiable. The dynamics of the state vari-
able shown in (27).

Tl [Av) — wLAG, + kyy (Di)" — Aiy) + Axiy]

5

1 dA@d 1 *
—TAy=—" = T_; (Aey™ — Aey) @7)

5

Here, the reference of voltage Aeg” based on the current con-
troller construction is deliberated. To achieve the final space-
state formula it is necessary to replace Az, in (27) with (20).
The equivalent state variables are desctibed as shown in (28).
The matrices related to Ay and Adg are mined to enable
the integration of the VSC model and the HVDC grid model as
it shown in (29):

X/' = [Aé’d Aﬂd Ald AZAmz A.X‘l'd AXP Aﬂeq A”df Ai/d] (28)

¢ = Ax; + Byxd, + (B B At
x.=Ax-+B,xd + |B.
J 7 /Al N N P;

(29)

Ay = Ciex;

The dominant poles and zeros of the plant model
Vpe(5)/ P (s) of direct voltage control are shown in Figure 9.

Figure 9 demonstrations the poles and zeros diagram of the
model of small-signal control with the proposed controller and
conventional controller.

As shown in Figure 9, the understudy grid is stable normally
and entire of zeros and dominant poles are on the left side of the
complex plane. Also, as shown by the direction of the arrows in
the figure, the dominant poles of the system, marked in blue and
corresponding to employing the M-droop, are farther away from
the origin coordinates, indicating that the grid using M-droop
has more stability. However, the predominant red poles associ-
ated with the conventional droop system have poles closer to
the origin of the coordinates. This figure shows that by employ-
ing the M-Droop controller, poles and zeros, move farther from
the vertical axis. Therefore, it can be said that the system with
the M-droop controller is more stable than the system with a
conventional droop controller.

Figure 10 compares the frequency response of the system
with the M-Droop controller and with the conventional con-
troller. It is clear that M-Droop gives a higher phase margin and
it is more flexible. Therefore, this result confirms that the sys-
tem with the M-droop controller is more stable than the system
with a conventional droop controller.

7 | SIMULATION RESULTS

In this section, three different strategies are simulated on the
Cigré DCS3 grid to demonstrate the advantages of the proposed
M-droop strategy including conventional droop controller and
M-droop controllet.

Three scenarios that are discussed below consist of reduc-
ing and increasing the power output of the Cb-Al bus at 3 s
and a three-phase short at the AC side of the Cb-A1l bus for
150 ms (3-3.15 s). In these simulations, the M-Droop controller

x10
2 - L L
15 @ M-Droop
' < Droop
1t §
2
% 0.5 1
§ oo ©
c
?
£ -05 1
At -
15k < -
-40 -30 -20 -10 0
Real axis
FIGURE 9 The dominant poles and zeroes of the open-loop TF

D)/ P
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FIGURE 10 Frequency response of the open-loop TF 1/ (s)/P*(s) ; 1.02 % 500
N 1.015} 1
2 101} 3 450
TABLE 2  Parameters of VSC-HVDC link O 1.0'05 O 400
Parameter Value
. 1.04 _1000
Total number of capacitor (V) 1 ; §
DC capacitor (Cy) 7 mF 52— Areee 17
Rated DC voltage of VSC 1 pau. &} ; 8
(Vbea) 3 4 5
Rated frequency (f,) 50 Hz Time(s) Time(s)
Nominal power 1200 KVA @ )
Nominal AC voltage 380 kV FIGURE 11 (a) DC voltage and (b) power of Cb-A1, Cb-B1, Cb-B2,
Nominal DC voltage 400 kV Cb-C2, and Cb-D1 following 250 MW reducing wind farm 2 generation
a 1
B 0.03 ) . ) ) )
r 0.045 in Figure 11, with the conventional method, the direct voltage
—u.745 . e
of buses, will shock and has keen sharp peaks, from the initial
Tu(s) 1.1 ms

is applied to the Cb-B1 bus converter assuming the data are fol-
lowing Table 2.

The simulation results for Cb-A1, Cb-B1, Cb-B2, Cb-C2, and
Cb-D1 buses are revealed. The VSC controller of the Cb-B1 and
Cb-B2 bus is a droop controller and the VSC controller of Cb-
C2 and Cb-D1 is a power controller.

Figure 11 shows the output direct voltage and power of Cb-
Al, Cb-B1, Cb-B2, Cb-C2, and Cb-D1 following the load reduc-
tion scenario at the Cb-A1l. As shown in Figure 11, by employing
the proposed method, the direct voltage of buses is improved,
they decrease more slowly and the much larger enhancement
in DC voltage nadir are obtained. Because at the moment of
system change, through capacitance improvement, the energy
stored in the DC-link capacitor is used to maintain system sta-
bility. In addition, this energy in addition to not affecting the
M-droop controller performance in power-sharing will increase
the overall system stability.

Output DC voltage and DC power of all busses include Cb-
Al, Cb-B2, Cb-B1, Cb-C2, and Cb-D1 following load increas-
ing scenario at the Cb-Al is shown in Figure 12. As shown

value to the final value. Because with the proposed method, the
energy stored in the DC-link capacitor is used to maintain sys-
tem stability without any affecting the performance of the droop
controller.

The simulation results following the previous scenario about
reducing power production for the Cb-B2 bus are shown in
Figure 13 and Figure 14. The results for this bus also confirm
that the stability of direct voltage of Cb-A1 and Cb-C2 can be
improved by using delay filter compare M-Droop without delay
filter, due to lack of drop and a sudden increase in bus voltage.

In addition, Figure 14 shows that using M-droop, bus power
oscillations are also reduced and do not change abruptly. How-
ever, the system with virtual capacitor and delay filter simulta-
neously has less oscillation and its damping is more rapid.

Figure 15 shows the direct voltage of Cb-A1, Cb-B2, and Cb-
B1 profiles during a three-phase short circuit to the ground at
the AC side of the Cb-A1 bus for 150 ms (3-3.15 s).

As shown in Figure 15, with the M-droop method, the direct
voltage and power of buses have smaller oscillation than with
conventional droop and reach stability fast. Because with the
proposed method, the energy stored in the DC-link capacitor
is used to maintain system stability without any affecting the
petrformance of the droop controller.



1898

AZIZ1 ET AL.

1.02 -300
= h S -400}
=) L S
% 1.015 W § 500
<
T 101f & 600
© © 700F
1.02 500
M-droop
conventional

Cb-B1(p.u)
- 3
Z Q
2 o
Cb-B1(MW)
o

-500
1.015 650
3 101} 2 00l
o ( &
2 1.005W D 750
o O
1 -800
600
= -
= % 500 |
N & ._JH ——
(@]
z Q 400t
O &)
300
1000
3 s
s =3
EI 5 950' “ e
ey 5 rw '“m e —
o o
900
3 4 5
Time(s) Time(s)
(a) (b)

FIGURE 12 (a) DC voltage and (b) power of Cb-A1, Cb-B1, Cb-B2,
Cb-C2, and Cb-D1 following 250 MW incteasing wind farm 2 generation
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FIGURE 13 DC voltage and power of Cb-A1 following 250 MW
reducing wind farm 2 generation

In addition, the frequency of the AC side of Cb-Al bus is
shown in Figure 16. This figure shows the frequency profiles
during a three phase short circuit to the ground at the AC side
of Cb-Al bus for 150 ms (3-3.15 s). As shown in Figure 10,
with the M-droop method, the frequency oscillations can better
damp than with conventional droop and reach stability fast.

1.025 T T .
w ith delay

S 102k -w/o delay |}
2 .
[aV]
Q
o 1.015
(@)

1.01

550
’;" 500
=3
o 450
Q
S 400

350 r r r r

25 3 3.5 4 4.5 5
Time(s)
FIGURE 14 DC voltage and power of Cb-C2 following 250 MW

increasing wind farm 2 generation
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FIGURE 15 (a) DC voltage and (b) power of Cb-B1 and Cb-B2

following a three-phase short circuit to the ground

8 | CONCLUSIONS

One of the main contests in control of HVDC grids is direct
voltage regulation. This paper proposed a new control struc-
ture for the droop controller called the M-droop controller,
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circuit to the ground

The frequency oscillation following a three-phase short

which can emulate a virtual capacitor behaviour. The conven-
tional DC-PSS can only neutralize a small part of the voltage
fluctuations, while, given the presence of the droop controller
on the system, it has no proper effect on the volatility of the
power. This paper shows that the M-droop controller also pro-
vides a part of the capacitance required by the system in addition
to damping of the direct voltage oscillations. The feasibility and
advantages of the M-droop control strategy have been demon-
strated and validated using an accurate simulation model. The
compared simulation results under several scenarios related to
the DC side of the grid show that the proposed strategy can
effectively improve the direct voltage stability.
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